We have examined simultaneous ULF activity in the Pi2 and Pc3 bands at the near-equatorial magnetic stations in South America from SAMBA and MAGDAS arrays and low-orbiting CHAMP satellite during its passage over this meridional network. At the nighttime, both Pi2 and Pc3 waves in the upper ionosphere and on the ground are nearly of the same magnitude and in-phase. At the same time, the daytime Pc3 pulsations on the ground and in space are nearly out-of-phase. Comparison of observational results with the theoretical notions on the MHD wave interaction with the system ionosphere-atmosphere-ground suggests that nighttime low-latitude Pi2 and Pc3 wave signatures are produced by magnetospheric fast compressional mode. The daytime near-equatorial Pc3 waves still resist a quantative interpretation. These waves may be produced by a combination of two mechanisms: compressional mode leakage through the ionosphere, and by oscillatory ionospheric current spreading towards equatorial latitudes.
Introduction: possible mechanisms of Pi2/Pc3 wave propagation to low latitudes
The physics of ultra-low-frequency (ULF) waves in the magnetosphere did not pay much attention to MHD fast mode. It was assumed that this isotropically propagating mode, when excited in the outer magnetosphere, would spread over entire terrestrial space environment, so just a very small part of its wave energy could reach our relatively small planet. Therefore, all efforts were concentrated basically on the examination of Alfven MHD waves, which can transport wave energy along field lines to large distances without any geometrical attenuation. Lately, this paradigm has started to change in view of recent observational results on Pi2 and Pc3 pulsations.
Nighttime Pi2 pulsations (typical time scale from fraction to few min) are impulsive, damped geomagnetic field oscillations, which are best known for their occurrence at the time of magnetospheric substorm (e.g. Keiling and Takahashi (2011) ). Impulsive or quasi-periodic intensifications in the magnetotail during non-substorm periods also can induce Pi2 pulsations (Kepko and Kivelson, 1999; Sutcliffe and Lyons, 2002; Kim et al., 2005) . At high latitudes, Pi2 pulsations are typically observed around the local midnight and are associated with the substorm onset. Although auroral substorm disturbance is confined to a relatively narrow range of longitudes around local midnight, low-latitude Pi2s occur over an extremely large range of longitudes (Yumoto et al., 1990; Li et al., 1998) . These results have suggested a global cavity mode as a mechanism of low-latitude Pi2 pulsations (Yeoman and Orr, 1989) .
The cavity mode concept was proved by simultaneous detection of Pi2 disturbances on satellites and on the ground. Direct comparison (Takahashi et al., 1995) of nightside Pi2 at AMPTE satellite and low-latitude ground station showed a high coherence between compressional (field-aligned) component in space and H-component on the ground when satellite was inside the plasmasphere (2 < L < 4). Multisatellite and ground studies of the amplitude-phase radial structure of Pi2 pulsation by Teramoto et al. (2008) further confirmed the concept of the cavity mode excitation in the inner magnetosphere (L < 5). A comparative study of Pi2 pulsations observed by the low-altitude CHAMP satellite and at low-latitude ground station (Sutcliffe and Lü hr, 2003) indicated that the H-component of the Pi2 pulsation on the ground is well correlated with the compressional and poloidal components in the upper ionosphere. Han et al. (2004) also found that the field-aligned component of Pi2 pulsations at the low-orbiting Ørsted satellite is correlated with the H component on the low-latitude magnetic observatories. According to the cavity mode concept, frequency of Pi2 pulsations is determined by eigenfrequency of the inner-magnetospheric cavity mode. Such mode is leaky one, so weak Pi2 signatures were detected by a loworbit satellite even in the polar cap (Teramoto et al., 2011) .
Intriguing peculiarity of low-latitude ground Pi2 is that they are often observed on the dayside at near-equatorial latitudes simultaneously with their intense nighttime counterparts (Sutcliffe and Yumoto, 1991) with negligible time delay between them (Nosé et al., 2006) . These observations may evidence a global scale of Pi2 cavity mode. However, Takahashi et al. (1995) could not find evidence for dayside Pi2 pulsations in AMPTE-CCE satellite data at low latitudes within the plasmasphere. The search for daytime Pi2 pulsations in CHAMP satellite data at low orbit was also unsuccessful (Sutcliffe and Lü hr, 2010) . Thus, there is no indication that Pi2 pulsations propagate to the dayside through the upper ionosphere or magnetosphere. Moreover, Han et al. (2004) presented two dayside cases where they observed oscillations in Pi2 band on Ørsted and found that these oscillations were significantly smaller and out-of-phase with those observed on the ground. They concluded that dayside Pi2s are not due to a global cavity resonance, but are more likely caused by a current flowing in the E region ionosphere along the equator.
Wave energy transport from dayside outer magnetosphere to the ground by fast compressional mode is important for Pc3 waves as well (Takahashi et al., 1994; Kim and Takahashi, 1999) . The coordinated low-altitude satellite (CHAMP) and ground observations of Pc3-4 waves indicated on a significant contribution of compressional component into the wave structure in the upper ionosphere (Heilig et al., 2007) . Pc3-4 waves demonstrated a localized enhancement of transverse components at midlatitudes attributed to the field line resonance, where the frequency of compressional mode transporting the wave energy from extra-magnetospheric source matches the local frequency of Alfven eigenoscillations (Vellante et al., 2004; Ndiitwani and Sutcliffe, 2009; Heilig et al., 2013) . Away from the resonant region, the structure of Pc3-4 waves in the upper ionosphere was dominated by the compressional mode. Moreover, at near-equatorial latitudes the mechanism of Alfven resonance cannot be invoked, because the field lines are totally submerged into the ionospheric plasma and Alfven field line oscillations are strongly damped (Pilipenko et al., 1998) . The latitudinal distribution in the top-side ionosphere showed that dayside compressional power in the Pc3 band was most pronounced in two regions: near noon, 09-14 LT at near-equatorial latitudes (±15°from the geomagnetic equator), and at high latitudes $75° (Heilig et al., 2007) . However, the overall Pc3 amplitude/phase spatial structure cannot be explained by a simple propagation of fast mode (Matsuoka et al., 1997) . Besides resonant conversion into Alfven field line oscillations, the excitation of some cavity mode may be possible.
At near-equatorial latitudes not just a response to ULF wave processes at auroral latitudes is observed, but, a new, not well understood, wave physics can be seen. At nearequatorial stations monochromatic pulsations with elevated amplitudes are often observed (Tanaka et al., 2004) . This effect of the "equatorial enhancement of ULF waves" was noticed many decades ago for dayside Pc3-5 waves (Jain and Srinivasacharya, 1975) and nighttime Pi2 pulsations (Osaki et al., 1996; Yumoto, 2001) . The equatorial enhancement of ULF waves was $2-3 times as compared with more distant stations (Zanandrea et al., 2004) . However, a mechanism of such amplification has not been unambiguously identified yet. Possible mechanisms can involve enhancement of the ionospheric currents induced by mid-latitude Alfven wave which spread into the equatorial region with elevated ionospheric Cowling conductance (Shinohara et al., 1997) ; or direct penetration of compressional wave towards the near-equatorial region without conversion into Alfven field line oscillations (Yumoto and Saito, 1983; Heilig et al., 2007 Heilig et al., , 2013 . Most probably, combination of all these mechanisms takes place, and to resolve them is a challenging goal. A progress in these studies can be achieved only with the comparison of simultaneous observations at low-orbit satellite and ground magnetometers.
Combined satellite-ground observations showed a rather consistent pattern of the compressional mode in the Pi2 and Pc3-4 range transmission from the inner magnetosphere through the ionosphere to the ground. However, all these observational results had a qualitative character, and a quantitative comparison with the existing theoretical notions on MHD wave transmission through the ionosphere was made for mid-latitudes only (Pilipenko et al., 2008) . In this paper, we estimate the amplitude-phase relationships between the Pi2 and Pc3-4 signals detected simultaneously on CHAMP and low-latitude part of the magnetometer arrays SAMBA and MAG-DAS, and compare them with the theoretical model of the compressional mode transmission through the system ionosphere-atmosphere-ground.
The ground and satellite observational facilities
The CHAMP satellite was launched in 2000 into an almost circular, near polar (inclination 87.3°) orbit, with an initial altitude of 454 km which has changed to 350 km after 5 years. The satellite data used in this study are the preprocessed fluxgate vector magnetometer data (http://isdc.gfz-potsdam.de/champ/). This instrument samples the magnetic field at a rate of 50 Hz with a resolution of 0.1 nT. In the standard processing the data are averaged to 1-Hz samples.
Data were transformed in a mean field aligned (MFA) coordinate system, where the field model POMME 2.5 (Potsdam Magnetic Model of the Earth) was used as mean field model. This model includes the main field, the field of the ring current, large scale magnetospheric fields, and the crustal anomalies. Components in the orthogonal MFA coordinate system are compressional B II , poloidal B P , and toroidal B T components, which are respectively parallel to the field line, directed inward, and directed azimuthally eastward. The ULF variations in B II component are visually coincident with variations of the total magnetic field B. In the next step POMME 2.5 was subtracted from the measurements. A study of Pi2 pulsations observed by the CHAMP (Sutcliffe and Lü hr, 2003) showed that the correlation between satellite and ground Pi2s can be improved by subtraction of a lithospheric magnetic field anomaly model from the satellite data.
For the monitoring of the ground response to ULF waves, we use the 1-s data from lowest-latitude SAMBA array stations along the Chilean shore (PUT, ANT) and equatorial stations (ANC, GLP) from MAGDAS array. Their codes and coordinates are given in Table 1 . Local noon of all stations is $16:30 UT, so the local time can be estimated as LT = UT-04.30.
We have examined all CHAMP orbits above the SAMBA/MAGDAS array during June 2003 in search of clear wave signatures. Both ground and satellite magnetometer data were high-pass filtered with the cutoff period 120 s (for Pi2) and 60 s (for Pc3).
Examples of typical events
From the data set of recorded simultaneous signals of Pc3 and Pi2 types in space and on the ground here we present only typical examples of various classes of ULF events.
Night-time low-latitude Pi2 wave trains
On 2003/06/01, 07:57-08:03 UT (LT $ 03.30) Pi2 damping train was detected by CHAMP, when the satellite was at latitude U $ 10°above Central America and approached the dip equator from Northern hemisphere. Pi2 wave is clearly evident at CHAMP in the compressional component with peak-to-peak amplitude B || $0.8 nT. On the ground stations the Pi2 amplitude in X-component was $0.9 nT at low latitude stations (PUT, ANT, GLP) and $1.8 nT at equatorial stations ANC (Fig. 1) .
Cross-spectral analysis (not shown) between CHAMP and PUT records shows that at spectral peak frequency f $ 24 mHz the coherence between satellite and ground signals is high, c $ 0.95, whereas the ratio between the satellite and ground spectral amplitudes G(f) $ 1.0. The ground signal is delayed in respect to satellite signal by D/ $ 26°.
Nighttime low-latitude Pc3 wave packets
On 2003/06/08, 06:33-06:39 UT (LT $ 02) CHAMP detected short-lived oscillations in a nominal Pc3 band (period $30 s) (see insert in Fig. 2) . The satellite was above Venezuela at U $ 14-18°. The signal in space is most visible in compressional component with amplitude B || $ 0.3 nT. On the ground the signal are coherent throughout all stations and has peak-to-peak amplitude in X component $0.5 nT (PUT, GLP), and $1.0 nT closer to the equator (ANC) (Fig. 2) . The ratio between spectral amplitudes CHAMP/PUT at f $ 35 mHz confirms that G(f) $ 0.8.The signals are nearly in-phase: the phase delay of ground signal as compared with signal on the satellite is D/ $ 15°.
During daytime hours no Pi2 signals have been revealed from CHAMP data. Therefore, Pc3 wave signatures only have been analyzed. Fig. 3 ). The wave packet was clearly evident at CHAMP in compressional component with amplitude B || $ 0.5 nT. On the ground the signal is coherent at all stations with amplitude X $ 0.4 nT (Fig. 3) , whereas the Pc3 amplitude at equatorial station ANC is nearly 2 times bigger, X $ 0.8 nT.
Cross-spectral analysis shows that at spectral peak frequency f $ 52 mHz the coherence between satellite and ground PUT signals is c $ 0.5, whereas the spectral amplitude ratio CHAMP/PUT is G(f) $ 1.4. However, in contrast to nighttime Pc3 event, the nearly out-of-phase oscillations on the ground and on CHAMP can be seen from a visual inspection. Cross-phase analysis proves that the ground signal is considerably phase-shifted in respect to the satellite signal by D/ $ 120°.
Daytime equatorial Pc3 pulsations
On 2003/06/06, 18:22-18:27 UT (LT$14) Pc3 wave train (insert in Fig. 4 ) was detected by CHAMP magnetometer when satellite was above Northern Brazil at U = 0-6°. The compressional component has amplitude B || $ 0.4 nT. On the ground the signal is evident at low-latitude stations only (GLP, PUT) with amplitude X $ 0.2 nT (Fig. 4) . At higher latitude (ANT) the signal is lacking, and at equatorial station ANC a strong interference occurred.
Cross-spectral analysis (not shown) gives that at spectral peak frequency range f $ 50-60 mHz the coherence between satellite and ground (PUT) signals is c $ 0.6, whereas the spectral amplitude ratio CHAMP/PUT is G(f) $ 1.9. The ground and satellite signals are nearly out-of-phase: the phase shift fluctuates around D/ $ 180°.
Model of MHD wave penetration to the ground at low latitudes
Both our and previous CHAMP observations have shown that Pc3-4 and Pi2 waves in the upper low-latitude ionosphere are mostly composed from compressional mode. This mode is most easily identified by the disturbed total magnetic field |B| or field aligned component B || . Therefore, for the interpretation of these coordinated satellite -ground observations we have to consider the fast magnetosonic (FMS) wave interaction with the multi-layered system magnetosphere-thin ionosphere-non-conductive atmosphere-ground. For ULF waves with T > 10 s the width of the conductive E-layer is much smaller that the wavelength, so the E-layer can be replaced by an infinitely sheet with height-integrated Pedersen and Hall conductances R P and R H , situated at altitude h. We assume that X-coordinate corresponds to the North-South (radial) direction, and Y corresponds to the East-West (azimuthal) direction. Magnetic field is inclined by angle I to the Earth's surface. Here we use some theoretical concepts from the thin sheet approximation (Alperovich and Fedorov, 2007) necessary for the interpretation of the results of simultaneous observations at low-orbiting satellite and ground stations.
The wave scale of the FMS mode in the Pc3/Pi2 range in the magnetosphere is to be very large (e.g. for T = 30 s, and Alfven velocity V A = 10 3 km/s, Alfvenic wave number
À4 km À1 ). Therefore, FMS waves can hardly reach the bottom ionosphere directly under reasonable horizontal wave numbers, because upon their propagation towards plasma with a higher V A they encounter a non-propagation (opaque) region, where the wave becomes evanescent. However, because of its large horizontal scale, even an evanescent fast mode can convey significant wave energy towards the Earth. Commonly, the earthward propagation of compressional fast mode was described in the frameworks of 1D (Pekrides et al., 1997; Matsuoka et al., 1997) or 2D (Allan et al., 1996) models. In reality, the spatial distribution of wave power is determined by the diffraction of an incident large-scale FMS mode on a relatively small conductive sphere (Earth). The solution of a similar problem in electrodynamics (Landau and Lifshitz, 1984) prompts that the compressional magnetic field disturbance should decrease away from the dip equator as B || / cos U. This at least partly explains the increase of FMS wave amplitudes upon approaching the geomagnetic equator.
The amplitude ratio and phase delay D/ between the ground magnetic signal B ðgÞ x and the tangential magnetic component B s (at near-equatorial latitudes B s % B k ) of the incident FMS wave is determined by the transmission properties of the whole ionosphere-atmosphere-ground system. The total ULF field in the upper ionosphere is a complicated pattern composed from incident, reflected, and converted waves. Nonetheless, the thin ionosphere theory (Pilipenko et al., 2008 (Pilipenko et al., , 2011 provides a remarkably simple relationship between the magnetic disturbance in the ionosphere and its ground response for a highly-conductive ground (r g ! 1), as follows
Here V C ¼ ðl o R C Þ À1 is the ionospheric Cowling velocity, determined by the Cowling-like combination of the ionospheric conductances R C ¼ R P þ R 2 H =R P . For approximate estimates the relation can be used V C ½km=s ' 800= P C ½S. The parameter p controls the penetration of the FMS mode through the ionosphere to the ground. According to (1), the phase delay between satellite and ground must increase with wave frequency x, as well as with the ionospheric conductance R C .
Let us evaluate on the basis of (1) the transmission of FMS mode with f = 30 mHz (x = 0.18 s À1 ) through the thin ionosphere at altitude h = 120 km. Estimate for the nightside ionosphere with parameters: R P = 2S, R H ¼ 2R P , and R C = 5 R P = 10S, give V C = 80 km/s, and |p| $ 0.3. Therefore, the ratio of a signal amplitude in space and on the ground is $1.04, whereas the phase shift produced by the ionosphere is D/ $ 16°. Thus, the nightside ionosphere may be considered as nearly transparent for FMS mode, so the incident wave is reflected mainly by Earth's surface.
At dayside at near-equatorial latitudes, assuming that R P = 20S, R H ¼ 2R P , and R C = 5 R P = 100S, one gets V C = 8 km/s, and |p| = 2.7. Thus, the dayside ionosphere can partially screen the magnetospheric signal from the ground, $2.7 times, and introduce a noticeable phase delay, D/ $ 70°.
Discussion
Let us compare the observational results from previous publication and presented here with possible scenarios. Many studies already have utilized satellite magnetometer data to demonstrate the compressional mode nature of low-latitude Pi2 pulsations. The analysis of Pi2 pulsations observed by the AMPTE satellite in the inner magnetosphere and at L = 1.2 on the ground (Takahashi et al., 1995 (Takahashi et al., , 2003 found high coherence between satellite and ground pulsations when the satellite was on the nightside and at L < 4. For these events the magnetic field oscillations at the satellite were dominated by poloidal mode components B P and B || . The B || component exhibited a cross phase with ground H component of D/ $ 0-90°, whereas a cross phase for B P component was $0°or $180°, depending on the location of the satellite in the Northern/Southern hemisphere. This spatial phase structure is consistent with the symmetric field-aligned structure of a compressional cavity mode and standing mode in radial direction with B || anti-node between reflection points at the equatorial ionosphere and plasmasphere. The mechanism of nighttime Pc3 waves and their correspondence to common daytime Pc3 activity is beyond the scope of this paper and will be considered elsewhere.
Our observations of simultaneous nighttime Pi2 and Pc3 wave packets agree pretty well with the prediction of the model describing the FMS wave interaction with the thin ionosphere, taking into account that satellite observations have not been made perfectly above a station. The considered events are consistent with the observational results of Heilig et al. (2007) for CHAMP, Han et al. (2004) for Orsted, and Takla et al. (2011) for MAGDAS trans-equatorial array, all showing a wide equatorial maximum of compressional Pc3/Pi2 amplitudes. According to the theoretical predictions, typical night side ionosphere should not produce any considerable attenuation of Pc3/Pi2 wave amplitude, and should introduce just a small phase delay between the ground and space ULF signals. Indeed, the signal at CHAMP is leading the signal on the ground by $15-25°, whereas the amplitude ratio is about 1. Thus, the scenario of a direct transmission of the ULF wave energy to the ground at near-equatorial latitudes via compressional mode propagation is well justified by a good agreement between our theoretical model and other satellite/ground observations. The amplitude and phase changes introduced by the dayside ionosphere on compressional Pc3-4 waves passing through it was also studied by Jadhav et al. (2001) , using scalar magnetometer onboard Oersted satellite (altitude 650-900 km) and low-latitude stations. Around 25% of passes exhibited oscillations in the frequency band 10-100 mHz in the selected longitude zone. The cross-phase analysis of the satellite and ground oscillations showed that the phase shift was D/ $ 0°at low frequencies, but it increased with frequency, as well as with the ionospheric conductivity, e.g. D/ $ 0-60°at f = 20 MHz. The features predicted by the theory of the FMS mode interaction with the system ionosphere-ground (1): increase of attenuation and phase delay with wave frequency and ionospheric conductance, corresponds well these Orsted/ground observations of dayside compressional Pc3 waves.
Equatorial electrojet with elevated conductance occupies a narrow equatorial zone $1-2°. Though the 1D model presented above cannot be directly applied to the wave transmission through the inhomogeneous ionosphere, one may qualitatively expect that enhanced conductance above the dip equator produces a higher wave absorption as compared with near-by regions. This may qualitatively interpret a highly localized local minimum in latitudinal distribution of Pc3 wave power just above a dip equator found by Takla et al. (2011) .
However, some near-equatorial peculiarities of ULF wave structure are not well understood yet. Matsuoka et al. (1997) found a significant phase shift $150°of dayside equatorial (L < 1.01) Pc3 pulsations as compared with those at low-latitude stations. Our ground observations have revealed equatorial enhancement of amplitude $2 times, but no phase peculiarities at equatorial MAGDAS stations.
The nearly out-of-phase relationship ($120°) of dayside Pc3 pulsations waves detected simultaneously on CHAMP and on the ground SAMBA/MAGDAS stations are not unique. Similar nearly out-of phase relationships can be seen in the magnetograms of dayside Pc3 waves presented in (Heilig et al., 2007) . The cross-phase between compressional Pc3 waves detected by Oersted and ground stations (Jadhav et al., 2001) in fact varied in a wide range: for morning events it tends to concentrate around 60-70°, but for near-noon events it reached $150°. The theory of FMS wave interaction with the ionosphere is in a reasonable agreement with the observed attenuation $1.5-2 times between low-Earth orbit and the ground, but under realistic parameters large phase delays $120-180°cannot be produced by a magnetospheric compressional wave leaking through the ionosphere.
One possibility may be related to the Pc3 wave transmission to near-equatorial latitudes via oscillating ionospheric currents, spreading from a higher latitude Alfvenic oscillations. Indeed, oscillating E-W ionospheric current in E-layer produces out-of-phase magnetic disturbances in N-S components on the ground and nearly along the geomagnetic field above the E-layer. Probably, in realistic situations, combination of both mechanisms takes place, so a more advanced theoretical model is needed, which would consider the incidence of mixed Alfven and FMS modes.
Conclusion
The mechanism of near-equatorial enhancement of Pc3/ Pi2 waves could be related either to the equatorial enhancement of oscillating ionospheric currents due to the elevated Cowling conductance of the near-equatorial ionosphere, or be a result of direct compressional mode transmission to the ground. The simultaneous CHAMP and ground observations helped to resolve this ambiguity. The nighttime Pi2 and Pc3 waves at near-equatorial latitudes are produced by the direct transmission of the compressional fast mode towards the ground. The observed amplitude-phase relationships between the nightside ionospheric and ground signals match well predictions of the thin ionosphere model. However, satellite/ground amplitude/phase relationships of low-latitude dayside Pc3 waves are not consistent with only one or another mechanism.
